We propose an approach for nanopore-based DNA sequencing using characteristic transverse differential conductance. Molecular dynamics and electron transport simulations show that the transverse differential conductance during the translocation of DNA through the nanopore is distinguishable enough for the detection of the base sequence and can withstand electrical noise caused by DNA structure fluctuation. Our findings demonstrate several advantages of the transverse conductance approach, which may lead to important applications in rapid genome sequencing.
The proposals to electrically sequence DNA during its translocation through a nanopore have become a focus of recent research, due to its prospect of low-cost ͑less than U.S. $1000͒ and fast process ͑in a matter of hours͒.
1-3 The original DNA-nanopore experiments showed that when a single-stranded DNA ͑ssDNA͒ molecule is electrophoretically driven through a nanopore, the ionic current passing through the pore is sensitive to the bases in the nanopore, opening a horizon for DNA sequencing. 4 Since then, numerous experimental and theoretical studies have been performed, with the aim to sequence the translocating polynucleotides by probing various physical properties of the molecules. [5] [6] [7] [8] One idea suggests that the transverse tunneling currents during the DNA translocation might be sufficiently localized to sense and identify a single nucleotide, 9 and is supported by theoretical calculations. 10, 11 This idea is now being actively tested by using the conducting tip of a scanning tunneling microscope over immobilized short polynucleotides on a substrate. 12, 13 However, further calculations showed that structural fluctuations of DNA during the sequencing, which causes a serious deterioration of signal-tonoise ratio, substantially reduce the selectivity and thus remains one of the biggest obstacles for the feasibility of implementing electrical sequencing approaches. 14, 15 Here, we propose and theoretically demonstrate a sequencing approach based on characteristic transverse differential conductance of DNA. The idea is that the four nucleotides occurring in DNA possess different local electronic densities of states ͑LDOSs͒ owing to their distinct chemical structures, and this specificity of different nucleotides can be measured and demonstrated directly by transverse differential conductance curves. From our molecular dynamics ͑MD͒ simulations and real-time calculations of LDOS and electrical properties, we predict that those characteristic resonance levels of different nucleotides remain distinguishable even when taking structural fluctuations into account, making transverse differential conductance curves a promising candidate for robust nanopore-based DNA sequencing. Figure 1͑a͒ shows the working principle of a nanoporebased electrical sequencing setup: ssDNA is driven through the nanopore by a longitudinal electrical field, while transverse tunneling conductance is recorded for the purpose of sequencing. Figures 1͑b͒ and 1͑c͒ present the cross-section of a bare nanopore and a snapshot of translocating ssDNA in KCl solution. The nanopore is built within a SiN-Au-SiN sandwich structure: 1 nm thick Au in the inner layer functions as transverse electrodes, while two 4-6 nm SiN layers at both ends insulate the electrodes from the solution environment. Here four electrodes are defined to provide more flexibility for transverse conductance measurement. The inner diameter of the nanopore is 13 Å, sufficiently wide for a ssDNA molecule to pass through, while also narrow enough to achieve a measurable transverse tunneling conductance. The simulation is implemented in the following way: first, the translocation of short homogeneous polynucleotides ͓poly͑dX͒ 30 , with X=A,T,C,G͔ through the nanopore is simulated with NAMD, 16 a classical molecular dynamics package using Amber force-field parameters. 17, 18 Then the real-time atomic configuration is extracted from MD trajectory files, and the corresponding real-time electronic structure of DNA during the translocation process is calculated within the extended Hückel model using YAEHMOP. 19 Finally, characteristic energy levels are picked out for each kind of nucleotide, and the corresponding transverse conductance G͑V 0 ͒ is calculated using the Landauer-Büttiker formalism and nonequilibrium Green's function technique. 20 Figure 2 plots the transmission spectra in the transverse directions, nucleotide DOSs and their projections on base atoms at some typical moment during the translocation. This figure reveals a great deal of useful information and motivates the proposal for our sequencing approach: first, the DOS near the Fermi level originates from base atoms, not backbone atoms, 21 and thus can serve for the purpose of sequencing; second, the resonance transmission observed in this figure indicates that the transverse electrical properties are determined by resonance levels of nucleotides; and third, each nucleotide has its characteristic resonance levels, making unique transmission spectra possible for each base type.
Let us first review the well-known formula for the transverse electrical current between electrodes i and j, as follows:
where V = i − j is the bias voltage, T ij is the transmission coefficient, and f͑⑀ − ͒ is the Fermi distribution function. Equation ͑1͒ shows that the transverse electrical current is proportional to the sum of those transmission peaks that lie inside the bias voltage window. Now, calculating the derivative dI / dV, we can obtain the differential conductance as follows:
where G ij is the zero-bias differential conductance between electrodes i and j, F is the Fermi level, and T is the temperature. Owing to its sampling nature ͓the term in square brackets of Eq. ͑2͔͒, transverse differential conductance spectra can reveal directly the characteristic transmission features at the Fermi energy. This indicates a potential sequencing approach for the nanopore-embedded electrodes setup: we can utilize transverse differential conductance to characterize electronic signatures of each nucleotide. It is of interest to make a comparison between this differential conductance approach and the electrical current approach. The difference between the summing nature of the electrical current approach and the sampling nature of differential conductance approach is demonstrated in Fig. 3͑a͒ . Considering the possibility that several nucleotides inside the nanopore contribute to the transverse conduction simultaneously, due to insufficiently thin nanoelectrodes, the summing of those transmission peaks caused by different nucleotides could entail misleading results, i.e., data from the electrical current approach would become invalid for sequencing if more than 1 nucleotide are simultaneously close enough to electrodes and contribute to the conductance. Figure 3͑b͒ gives such an example: at some moment during a poly͑dT͒ 30 translocating through a nanopore, two neighboring nucleotides, marked by 1 and 2, are close enough to the electrodes and thus contribute to the conductance simultaneously. Accordingly, there are two neighboring peaks ␣ 1 and ␣ 2 inside the transverse bias window V = L − R on the transverse transmission spectrum, as seen in Fig. 3͑c͒ . By projecting the resonance levels onto atomic orbits, we find that ␣ 1 and ␣ 2 originate from nucleotide 1 and 2 separately. In this case, the transverse electrical current I is the summing of these two transmission peaks and does not achieve singlenucleotide resolution. On the other side, the sampling nature of differential conductance makes no more than 1 transmission peak selected each time, and thus circumvents those inevitable miscountings in the electrical current approach. I is proportional to the sum of transmissions within the voltage bias window, while G corresponds to the sampling of transmission probability at the Fermi level 0 . ͑b͒ Translocation of poly͑dT͒ 30 at the moment when two neighboring nucleotides ͑1 and 2͒ are in the vicinity of the electrodes, contributing both to the conductance. ͑c͒ Snapshot of conductance and transmission spectra for poly͑dT͒ 30 translocating through nanopore.
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The question of whether the fluctuation of characteristic resonance levels during the translocation would destroy the distinction of LDOS between different nucleotides can be answered in Fig. 4͑a͒ , where the distributions of characteristic resonance levels of four kinds of nucleotides are plotted. It is clearly seen that the characteristic resonance levels of the different nucleotides remain distinguishable taking realtime fluctuations into account. Therefore, this can be regarded as a convincing proof that the transverse differential conductance approach is able to withstand DNA structure fluctuations during the sequencing process and thus is an efficacious sequencing approach.
Figures 4͑b͒-4͑e͒ show a flowchart representation of the sequencing approach: at one characteristic resonance level of guanine ͑V 0 = V G Ϸ 1.45 eV͒, real-time transverse conductance of poly͑dG͒ 30 is two to three orders larger than that of the other three homogeneous polynucleotides, leading to the identification of guanine as seen in Fig. 4͑b͒ . In the same way, thymine, adenine and cytosine are determined step by step at their characteristic energies in transverse conductance curves, as plotted in Figs. 4͑c͒ and 4͑d͒ .
In summary then, we have proposed and theoretically justified a sequencing protocol based on the characteristic transverse differential conductance of ssDNA during its translocation through a nanopore. The simulations show that transverse conductance curves determined by the characteristic resonance levels of each nucleotide are distinguishable enough for the sequencing of DNA, and are sufficiently robust to withstand DNA structure fluctuations during the sequencing process. In practice, moving molecular orbitals have never been identified yet with dI / dV spectroscopy, however the inverse problem, when the gold tip is moving along the molecule, was recently solved. 22 Our theoretical results can provide a guide for future realizations of inexpensive and rapid whole-genome sequencing applications. Finally, we would also like to draw attention to a very recently proposed hypothetical setup for DNA sequencing which does not utilize a nanopore, but instead relies on a graphene nanogap, which simultaneously fulfills the role of separating membrane and single-atom thick electrodes. 23 It is particularly noteworthy that in that work too, the differential conductance was considered in the form of the first derivative dI / dV and the third derivative d 3 I / dV 3 to uniquely identify the four nucleobase types. 
